LiBH4 with high hydrogen density has been attracting great interest as one of potential candidates of advanced hydrogen storage materials. A feasible way to overcome problematic issues on dehydrogenation of LiBH4, such as formation of fine powders and overflow by melting, is expected to synthesize bulk LiBH4 by applying the "impregnation method". In the present study, LiBH4 on a Ni foam with porosity of 98% homogeneously impregnated the foam at 573 K without changing the original bulk morphology of the foam. The morphology of the impregnated LiBH4 was also well retained, even after a partial dehydrogenation at 873 K. Some Ni borides were found to be newly formed depending on the heating (dehydrogenation) conditions, and the formation probably dominates the microstructure and dehydrogenation property of the impregnated LiBH4.
Introduction
Development of advanced hydrogen storage materials is a critical research topic for various hydrogen energy applications. 1) Metal borohydrides M(BH4)n (n (valence of metal M) = 1-4), some of the complex hydrides, with high hydrogen densities have been attracting great interest as potential candidates of advanced hydrogen storage materials.
2)-10) For instance, LiBH4, composed of Li + cation and [BH4] -complex anion, can store about 13.8 mass% of hydrogen based on the following reversible reactions: 11) , 12) LiBH4 ⇔ LiH + B + 3/2H2.
(
Upon heating (from the left to the right side of the reaction (1)), LiBH4 melts at around 550 K 2) and then decomposes into LiH and B above 700 K accompanying the dehydrogenation (hydrogen desorption) reaction. It has been found that the dehydrogenation temperatures can be decreased by partial or full substitutions of Li by other appropriate metals or ions.
2), 13) Here, there are two problematic issues regarding the reaction (1) from the viewpoint of practical applications: One is formation of fine powders of the components, LiBH4, LiH, and B, after the reaction (possibly causing, for example, surface poisoning and lowering heat conductivity). Another is "overflow" of the melted LiBH4 from sample containers.
A feasible way to overcome these issues is to synthesize bulk LiBH4 by applying the "impregnation method" as an advanced material processing for complex hydrides. We have previously applied this method to LiNH2. 14), 15) The bulk LiNH2 which impregnated Ni foam (impregnated LiNH2) did not change into the fine powders and it retained the bulk morphology even after ten reversible reactions, storing about 6 mass% of hydrogen.
In the present paper, we report the preliminary results on the synthesis of the impregnated LiBH4 and the dehydrogenation property by heating.
Experimental
A schematic drawing of the setup is shown in Fig. 1 . Ni foam (Sumitomo Electric Industries, Ltd., porosity of 98%, pore size of 100-500 μm, thickness and diameter of about 1.5 mm and 10 mm, respectively) was used as a matrix for impregnation, as in the previous study on LiNH2.
14), 15) In a glove box with circulating catalytically purified argon (dew point below 183 K), pelletshaped LiBH4 (Aldrich Co., Ltd., 95.0% purity) placed on top of the Ni foam was installed in a reaction container. The container was sealed and then heated up to 573 K for 120 min under a hydrogen (99.99999%-purity) pressure of 0.5 MPa. During the process, the pellet-shaped LiBH4 melted and impregnated the Ni foam. The samples before and after the impregnation were characterized by optical and scanning electron microscopy observa- † Corresponding author: S. Orimo; E-mail: orimo@imr.tohoku.ac.jp Paper tions, gas chromatography (heating rate of 5 K/min up to 873 K, Ar flow), Raman spectroscopy (532-nm laser), and powder X-ray diffraction measurement (Cu Kα). The samples were always handled in the glove box without exposure to air.
Results and discussion
The optical and scanning electron microscopy images of the Ni foam before and after the impregnation are shown in Fig. 2 , respectively. The images indicate that LiBH4 homogeneously impregnated the Ni foam without changing the original bulk morphology of the foam. Overall dehydrogenation property by heating was analyzed by gas chromatography. As shown in Fig.  3 , the impregnated LiBH4 has a narrower dehydrogenation temperature range comparing with that of the conventional LiBH4. Also, small and irregular dehydrogenation reaction around 650 K, probably coming from the overflow of the melted LiBH4 from the sample containers, cannot be detected in the impregnated LiBH4. Moreover the bulk morphology was well retained after the heating, as summarized in Fig. 4 . Thus, the two problematic issues mentioned in Introduction might be possibly solved by applying the "impregnation method" to LiBH4. (The change of the microstructures also observed in Fig. 4 relates to the formation of Ni borides, explained later.) Raman spectroscopy detecting B-H bonding and vibration features is quite useful to investigate LiBH4 and the derived complex hydrides.
2),16)-18) The actual Raman spectra of the samples corresponding to the images shown in Figs. 4(a) -(e) are summarized in Fig. 5 . By the comparison with the calculated phonon density of state (DOS) shown in the inset of Fig. 5,  16 )-18) the spectra can be identified as either LiBH4 or Li2B12H12. The spectrum of LiBH4 in the sample after the heating at 773 K (Fig. 5(b) ) is the almost same as that in the sample just after the impregnation (Fig. 5(a) ). On the other hand, different spectra can be clearly detected in the samples after the heating at 873 K (Figs. 5(c)-(e)). 
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These spectra originate from Li2B12H12, composed of Li  + cation  and [B12H12] 2-complex anion, formed according to the following reaction:
This result suggests that the decomposition and partial dehydrogenation reactions (2) occurred at 873 K. Each the sample was crushed into powder in the glove box, and powder X-ray diffraction measurement was carried out. The results are summarized in Fig. 6 , and agree well with those of the Raman spectroscopy; that is, the diffraction peaks from LiBH4 disappeared by heating at 873 K. It can be noted that due to the reaction of the Ni foam and B from LiBH4 and/or Li2B12H12, diffraction peaks of some Ni borides (Ni3B, Ni2B, and Ni4B3) newly formed depending on the heating (dehydrogenation) conditions. The formation of the Ni borides is considered to dominate not only the microstructure observed in Fig. 4 and but also the specific dehydrogenation property described above. Systematic investigations including the promotion of the reversible dehydrogenation and rehydrogenation of the impregnated LiBH4 is highly required.
Conclusions
Preliminary results on the synthesis of the bulk LiBH4 which impregnated into Ni foam (impregnated LiBH4) and the dehydrogenation property by heating were reported. Pellet-shaped LiBH4 homogeneously impregnated the Ni foam at 573 K without changing the original bulk morphology of the foam, which was also well retained after the partial dehydrogenation at 873 K. The impregnated LiBH4 has the narrower dehydrogenation temperature range comparing with that of the conventional LiBH4. Also, small and irregular dehydrogenation reaction around 650 K, probably coming from the overflow of the melted LiBH4 from the sample containers, cannot be detected in the impregnated LiBH4. Thus, the two problematic issues mentioned in Introduction might be possibly solved by applying the "impregnation method" to LiBH4. Some Ni borides (Ni3B, Ni2B, and Ni4B3) were found to be newly formed depending on the heating (dehydrogenation) conditions, and the formation probably dominates the microstructure and dehydrogenation property of the impregnated LiBH4. riginates from glass substrate used for measurement. Some Ni borides were found to be newly formed depending on the heating (dehydrogenation) conditions.
